The vast majority of organic nitrogen in marine phytoplankton is represented by protein (Lourenco et al. 1998) , with total hydrolysable amino acids (THAAs) accounting for up to 30% to 40% of particulate nitrogen in marine sediments (Cowie and Hedges 1992a; Grutters et al. 2001) . Whereas total amino acids provide a proxy of total protein material, the functional and source information embedded in each protein's amino acid sequence is lost. To fully characterize the cellular machinery of organisms responsible for the biogeochemical cycles of nitrogen and carbon, the identification of peptides and/or proteins in marine sediment is required.
Extracting proteins from sediment for subsequent analysis has long been a challenge (Belluomini et al. 1986; Ogunseitan 1993; Craig and Collins 2000; Nunn and Keil 2006) . The potential interferences present in sediment or soils include protein binding to the mineral matrix (Mayer 1994; Keil et al. 1994; Collins et al. 1995) , organic matter co-extraction (Knicker and Hatcher 1997) , interaction with humic acids (Zang et al. 2000) or cellular polymers (Nguyen and Harvey 2003) , and protein-protein aggregation, which limits solubility (Nguyen and Harvey 2001) . Although the application of strong agents to solubilize proteins can be effective, it results in the co-extraction of a suite of unknown compounds with similar physiochemical properties as protein from the sediment or soil matrix. These mixtures are inherently complex and interfere with the purification and subsequent identification of peptides and proteins (Cheng et al. 1975; Limmer and Wilson 1980; Nunn and Timperman 2007) .
One important interaction between organic matter and Evaluation of electrophoretic protein extraction and databasedriven protein identification from marine sediments (Mayer 1994; Mayer et al. 2002) . Various mechanisms have been proposed to regulate adsorption of organic matter to mineral surfaces including van der Waals interactions (Rashid et al. 1972) , ligand exchange (Davis 1982) , cation bridges (Greenland 1971) , cation (Wang and Lee 1993) and anion exchange (Greenland 1971) , and hydrophobic effects (Nguyen and Harvey 2001) . These mechanisms of interaction between protein, sedimentary minerals, and organics often include some form of charge interaction. This electrokinetic phenomenon was first observed by Reuss (1809) when the application of a constant electric field caused migration of aqueous clay particles in water. Fractionation of mineral species by electrophoresis was later demonstrated by Dunning et al. (1982) . This principle of mobilization by an electric field was incorporated in the study design to assist the liberation of proteins from sediments. Gel electrophoresis has been widely used for decades as a protein separation and visualization technique. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and related approaches separate proteins based primarily on their molecular weights (Laemmli 1970) . The wide application of SDS-PAGE and its ability to solubilize and immobilize proteins have made it a standard analytical technique for protein separation and isolation across the fields of biochemistry, cell biology, and medical sciences (e.g., Reisfeld et al. 1962; Laver 1964; Shapiro et al. 1967; Fairbanks et al. 1971; Maizel 2000; Pederson 2008 ). This includes electrophoretic separation to purify proteins from cell cultures before analysis with mass spectrometry (Tran and Doucette 2009; Botelho et al. 2010 ). The focus here was to develop and validate a modified electrophoretic approach as an extraction and preparative technique for complex environmental samples before high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) analysis, allowing us to accomplish the goal of identifying proteins or peptides in marine sediments.
Gel electrophoresis as a preparatory method is founded on the visualization of protein bands by staining, followed by the excision and enzymatic digestion of the proteins bound within the bands. This method is a standard tool for protein identification using HPLC-MS/MS (Hirano et al. 1992; Shevchenko et al. 1996; Kuster, et al. 1998) . Rather than using gel electrophoresis as a means for visualizing the isolated proteins, however, we employed the SDS-PAGE technique to 1) enhance protein solubilization (i.e., see Botelho et al. 2010) from the sediment matrix, 2) isolate sediment particles from soluble components, 3) stabilize and retain proteins while rinsing away unwanted contaminants, and 4) suspend denatured proteins (Fairbanks et al. 1965 ) for enzymatic digestion. Although the application of sediments to SDS-PAGE is unorthodox, the method provided multiple benefits in addition to being a standard technique that is frequently employed for the digestion of proteins for tandem mass spectrometry analysis.
Advancements in proteomic use of HPLC-MS/MS have increased sensitivity and detection limits, providing the user with an increased ability to identify peptides from complex mixtures (Schulze et al. 2005; Morris et al. 2010; Dong et al. 2010) . The extraction, isolation, and analysis of proteins and peptides using MS/MS are only the first steps, however, that provide the researcher with spectral data. To interpret peptide mass spectral data, it must be correlated with peptides and proteins from a user-provided proteomic database. Many of the current databases are not yet mature, and bioinformatic challenges for identifying proteins retained in soils and sediments include the high diversity of unknown taxonomic contributors, the incomplete availability of protein databases, and the diverse mixture of proteins, which yield limiting concentrations of specific sequences for detection and identifications (Graves and Haystead 2002; Quince et al. 2008; Bastida et al. 2009 ).
The goals of this work were two-fold. The first goal was to optimize the extraction of proteins from marine sediments with a broadly applicable methodology. The second and equally important goal was to assess the effectiveness of proteomic database complexity on environmental samples. For the first goal, we evaluated two methods that employed a SDS-PAGE clean-up step: 1) a more traditional method where the buffer-solubilized material is separated from particles and loaded directly onto gels, and 2) a novel slurry extraction method where the buffer-solubilized material remains with the sediment particles and is loaded as a composite material together. Two electrophoresis gels were compared, including preparatory tube gels and standard one-dimensional flat gels with multiple combinations of extraction buffers for each. To address the second goal, mass spectra were searched against five databases of varying size to evaluate database-driven protein identifications from multiple species using probabilistic scoring. As model sediments, continental shelf surface and deeper core sediments from the Bering Sea were used as the test matrix since this area is one of the world's most productive ecosystems (Sambrotto et al. 1986; McRoy 1987; Walsh et al. 1989) , and is known to be diatom-dominated during spring blooms. A high carbon export flux (Chen et al. 2003) in the spring, coupled with rapid transit times, elevates the amounts of diatom derived organic material reaching sediments. These factors make the Bering Sea a realistic system to explore sedimentary protein extraction and evaluate information from multiple database searches.
Materials and procedures

Protein extraction
Bering Sea surface sediments were extracted using a buffer followed by SDS-PAGE. The buffer consisted of 7 M urea, 2 M thiourea, 0.01 M Tris-HCl, 1 mM EDTA, 10% v/v glycerol, 2% CHAPS, 0.2% w/v ampholytes (Fluka BioChemika, high resolution pH 3-10, 40% in water), 2 mM Tributyl-phosphine (Kan et al. 2005) . The mixture includes chaotropic agents, detergents, denaturants, and salts, thus proteins are solubilized and stabilized while avoiding degradation. The use of strong chaotropic agents and subsequent trypsin digestion alleviated the use of protease inhibitors. Additional agents added to the extraction buffer including thiourea, EDTA, and CHAPS served to counteract dilution of urea and Tris when mixed with sediments. Replicate aliquots of each treatment were used for amino acid analyses to measure recoveries.
For the traditional method, approximately 1.5 g dry weight aliquots of surface sediment (~1 mL wet sediment) were combined with 5 mL extraction buffer in duplicate Falcon Tubes to yield a 5:1 buffer:sediment ratio (v/v). Tubes were sonicated on ice for 60 s using pulse sonication (Bronson microprobe, at 20 kHz). Sediment extracts were centrifuged to remove particles from the extraction liquid (5000g, 10 min, 4°C) and overlying liquid (approximately 5 mL) was loaded onto a Bio-Rad gel prep cell 0.5 cm diameter gel tube. The gel consisted of 10% Acrylamide/Bis, 0.125 M Tris-HCl and gel tubes were poured to a height of 3 cm, which allowed a larger sample loading volume above the tube gel than the suggested 10 cm height. THAA concentrations were used as a proxy for total protein to adjust loading volumes for gels. The gel prep cell was run at 180 volts until the ion front moved approximately 1 cm down the gel. If the ion front moved further down the gel, it was difficult to excise cleanly from the gel tube. The top 1 cm was then excised for tryptic digestion.
In the slurry method, approximately 1.5 g dry weight aliquots of surface sediment (~1 mL wet sediment) were combined with 1 mL of extraction buffer in duplicate Falcon Tubes to yield a 1:1 buffer:sediment ratio (v:v). Tubes were sonicated on ice for 60 s using pulse sonication (same conditions as above) and 500 µL of sediment + extraction buffer slurry mixture was then loaded onto a Bio-Rad gel prep cell 0.5 cm diameter gel tube poured to a height of 10 cm. Gel composition and running conditions for the slurry method were the same as the traditional method. The slurry gel was run until the ion front moved 5 cm down the gel. Sediment particles remained at the top of the gel and were easily washed away after the gel run was finished (Fig. 1) . The top 5 cm of the gel was then excised for digestion. Slurry mixture was also loaded onto a pre-cast 12% Bis-Tris Bio-Rad 1-dimension gel (referred to as "flat gel") and run until the ion front moved 5 cm down the gel. The loading volume of the flat gel was not large enough to load equivalent amounts of protein material in liquid extract compared to the sediment + buffer slurry mixture, so only the sediment + buffer slurry was tested for the flat gel. The top 5 cm of the slurry flat gel was then excised for tryptic digestion.
Optimization of protein recovery
Several methods for the optimization of electrophoretic extraction of protein were tested using BSA as a model protein.
Deeper sediments, the 20 to 22 cm horizon of a second sediment core from the Bering Sea, were used for all the permutations of the optimization investigation. Treatments included varying the type of extraction buffer and gel type used, as well as the type of preparation loaded onto the gel. Four different extraction buffers were tested including 1) EDTA extraction buffer, 2) CaCl 2 extraction buffer, 3) SDS extraction buffer, and 4) urea alone. Two types of gels were used in the extraction: preparative tube gels (run in BioRad Mini-Prep Cell) and precast 12% Bis-Tris 1-dimension, flat gels (Invitrogen NuPAGE Novex). Due to the limited amount of sediment available, the urea buffer was tested only on flat gels. Two types of sample preparations were tested: a traditional method where extraction buffer was loaded onto the gel and a slurry method in which a mixture of extraction buffer and sediment were loaded directly onto the gel. The various combinations of buffers and gels resulted in the testing of fourteen extraction permutations.
For most treatments, 750 µL extraction buffer was mixed with 250 µL sediment, the exception being those samples that employed only urea for extraction. To those samples, 300 µL urea was added. All extraction buffers contained the following (with the exception of the urea only samples): urea (7M), thiourea (2M), tris-HCl (0.01M), glycerol (10% v/v), ampholytes (pH -3 to 10) (0.2% v/v), and tributylphosphine (0.002M). In addition, the EDTA extraction buffer contained CHAPS (2% w/v) and EDTA (1mM); the CaCl 2 extraction buffer contained CHAPS (2% w/v) and CaCl 2 (0.1 M); and the SDS extraction buffer contained SDS (1% w/v) and EDTA (1 mM). Those samples which used urea only were extracted with 6 M urea. To all samples, immediately following the addition of buffer, 1 µg of BSA (2mg/mL in ultrapure 0.9% sodium chloride; Thermo-Fisher) was added and samples were sonicated. Samples were sonicated for 20 s with a titanium microtip and placed on ice for 5 min. This was repeated for a total of ten sonication treatments and samples were placed in the -20°C freezer overnight. Slurry samples were thawed and the entire sample was placed on top of either the tube gel or the flat gel. Samples that did not include sediment particles were centrifuged, the supernatant was filtered, and 500 µL of extract was placed on either the tube or flat gels. Tube gels were prepared according to BioRad Mini-Prep Cell specifications for discontinuous gels (12% resolving gel with 200 µL of 12% stacking gel on top) and poured to a height of 10 cm. Tube gels were run until the ion front had migrated approximately 2 cm from the top of the gel, and flat gels were run until the ion front had migrated approximately 2.5 cm from the top of the gel, as this provided a cleanly excisable gel fraction. Gels were cut just below the ion front, rinsed three times with DI water to rinse away excess SDS, and placed in a fixing solution of 50% methanol, 10% acetic acid overnight.
Trypsin digestion of SDS-PAGE slices
All samples purified via SDS-PAGE gels were digested using the same protocol. Before digestion the excised tube gels and flat gels were cut into 2 mm sized cubes to increase the exposed surface area. Pieces were covered with 100 mM ammonium bicarbonate and rinsed for 15 min followed by a 15 min rinse in acetonitrile. Volumes used to rinse flat and tube gels with ammonium bicarbonate and acetonitrile were 18 mL and 8 mL, respectively. The rinse cycle was repeated twice more and gel pieces were dried via Speedvac for 45 min. To the gel pieces, 1 µg trypsin was added in solution and the sample was placed on ice for 45 min. Reduction, alkylation, and digestion for surface sediment samples generally followed procedure by Shevchenko et al. (1996) . For optimization testing, samples were removed from the ice covered with ammonium bicarbonate and digested overnight without reduction or alkylation. The pH of the sample was adjusted with 5% formic acid to a pH £_2, and the sample was run through a C18 desalting column (Nest Group), following which samples were dried and volumes were adjusted in preparation for analysis.
Direct digestion of sediment
Prior to shotgun proteomic analysis, 100 mg sediment was mixed with 300 µL 6 M urea and 50 mM ammonium bicarbonate. The sediments were then sonicated using a Bronson sonicating microprobe, at 20 kHz for 60 s on ice. The pH was raised by adding 18 µL 1.5 M Tris-HCl (pH 8.8). To reduce sulfhydryl linkages in proteins, 7.5 µL TCEP (2,2¢,2¢(-phosphanetriyltripropanoic acid) was added to the sediments, vortexed and incubated for 1 h (37°C). Proteins were then alkylated by adding 60 µL of 200 mM iodoacetic acid and incubated in the dark for 1 h. After the addition and incubation of 60 µL of dithiothreitol (1 h room temp), the urea was diluted with the addition of 2.4 mL 25 mM ammonium bicarbonate, 600 µL HPLC-grade methanol, and 1 µg of sequencing grade trypsin. The trypsin incubation was completed overnight at room temperature. Samples were centrifuged (14,000g, 20 min), and the digest with buffer removed. The sediments were then washed 3 times with 1 mL 25 mM ammonium bicarbonate, centrifuged, and extracts combined. The volume was reduced to ~10 µL, and 200 µL of 5% ACN, 0.1 % trifluoroacetic acid was added before desalting the peptides using a C18 desalting centrifuge column (NEST group). Sample pH was adjusted to < 2 using small additions of 10% TFA and was desalted using the protocol provided by manufacturer.
Mass spectrometry
Protein analyses for all samples were conducted using standard shotgun proteomic techniques employing nanocapillary HPLC-MS/MS as described previously (Washburn et al. 2001; Aebersold and Goodlett 2001) . Samples were introduced into a hybrid linear ion Orbitrap (LTQ-OT) mass spectrometer (Thermo Fisher) via a NanoAcquity high performance liquid chromatography (HPLC) system (Waters). Trapping and analytical capillary columns were packed in-house using a pressurized cylinder (Brechbuhler AG). Magic C18 (5 µm diameter, 100 Å pore size) particles (Michrom Bioresource) were slurried with analytical grade MeOH and placed in the pressurized cylinder to pack columns using 1000 psi nitrogen. Trapping column capillaries were 20 mm ¥ 100 µm i.d., while the analytical column dimensions were 150 mm ¥ 75 µm i.d. The trapping column was prepared with a sintered glass frit on one end, and the analytical column was tapered in a flame by gravity that allowed it to serve as a frit and electrospray ionization needle.
Chromatography was performed using acidified mobile phases: A) water, 0.1% (v/v) formic acid and B) acetonitrile, 0.1% (v/v) formic acid. Chromatography was followed as in Nunn et al. (2010) using a Waters NanoAcquity system. Based on parallel amino acid measurements of each sample, 1 µg protein-equivalent material was injected onto the nanocapillary HPLC column for MS/MS analysis, which produced average total ion current (TIC) signal intensities of > 1 ¥ 10 7 . The LTQ-OT XL (ThermoFisher) was operated in positive ion mode using data-dependent acquisition (DDA). Sheath, aux, and sweep gases were not used for any of these analyses. Both the linear ion trap and Orbitrap were calibrated and tuned using a standard tetrapeptide MRFA (Met-Arg-Phe-Ala: m/z = 524). Mass accuracy for the Orbitrap ranged from 2-5 ppm. For analyses, capillary spray voltage ranged from 1.4-1.6 kV, collision energy was set to 35%, collision activation was 30 ms, dynamic exclusion was 45 s, and only ions with a charge state + 1 were rejected. From the precursor ion scan (MS1) in the instrument, five of the most intense ions were selected for collisioninduced dissociation (CID) and tandem mass spectral (MS2) detection in the LTQ (Nunn and Timperman 2007) . All sample digests were analyzed first using a standard full scan, where the MS2 ion selection was chosen from the top 5 most intense ions in the m/z range of 350-2000. Then each tube gel surface sediment sample received further analyses on the mass spectrometer using 4 gas phase fractionations where the top five most intense ions were selected for CID by DDA from the following m/z ranges: 350-444, 444-583, 583-825, 825-1600 350-444, 444-583, 583-825, 825- (Spahr et al. 2001 Davis et al. 2001; Yi et al. 2002; Scherl et al. 2008) .
Database searching
The search engine SEQUEST was used to match tandem mass spectra to peptide sequences found in protein databases (Eng et al. 1994 (Eng et al. , 2008 . Searches did not explore post translational modifications (PTM), given the high variability of PTMs, which make confident identification difficult. Four protein sequence databases were generated using a publically available FASTA database builder (http://phenyx.proteomics.washington.edu/FASTAcreator/index.cgi) and then evaluated for mass spectra collected from Bering Sea sediment gel digests: 1) Thaps database contains the proteome of Thalassiosira pseudonana (marine diatom, well annotated proteome; Armbrust et al. 2004) , and expanded with the proteomes of Prochlorococcus marinus (marine cyanobacterium; Dufresne et al. 2003) , and Candidatus Pelagibacter ubique (marine bacteria; Giovannoni et al. 2005) . These proteomes provide representation of algae, autotrophic bacteria, and heterotrophic bacteria respectively (14,795 proteins, 15 megabytes).
2) GOS/Thaps database contains the proteome of T. pseudonana and the Global Ocean Survey Combined Assembly Protein (GOS) database (Yooseph et al. 2007 ). This database was used in an attempt to correlate resulting tandem mass spectra from sediments to a variety of possible bacterial proteomes (6,121,580 million protein sequences, 2.3 gigabytes). Available protein names and source organisms were acquired from the CAMERA online portal (Community Cyberinfrastructure for Advance Microbial Ecology Research & Analysis: http://camera.calit2.net/index.shtm).
3) NCBI-NR database (National Center for Biotechnology Information Reference Sequence) consists of a nonredundant collection of highly annotated DNA, RNA, and protein sequences from diverse taxa, including marine organisms (Pruitt et al. 2002) . While the NCBI-NR has fewer marine proteomes compared with the GOS database, it has greater functional information, diversity, and contains a variety of eukaryotic marine organisms not found in the GOS (11,934,213 proteins, 4.9 gigabytes); 4) NCBI-Refined database was generated to include the whole proteomes of each of the species identified from the NCBI-NR search on the slurry surface sediment sample. This database contained the proteomes from 107 organisms (417,199 proteins, 187 megabytes) .
Mass spectra from the digests of the traditional, slurry, and direct digest extraction methods on Bering Sea surface sediment were searched against all four databases. Mass spectra from the 1-D surface sediment slurry flat gel digest were only searched against the Thaps database. Two fixed modifications were set in the SEQUEST parameter file to replicate analytical modifications completed in the lab: 57 Da on cysteine (resulting from IAM alkylation) and 16 Da on methionine from oxidation. Predicted fragmentation versus observed tandem mass spectra were statistically evaluated with PeptideProphet software to assess the MS/MS spectra quality, and ProteinProphet software was used to assign and group peptides into proteins (Keller et al. 2002; Nesvizhskii et al. 2003) . Both PeptideProphet and ProteinProphet were set to a P value of 0.9, which corresponds to a predicted 0.1% error rate. Ignoring these confidence limits or false discovery rates will yield inaccurate and spurious protein identifications. To quantify model protein recoveries, a specific database containing BSA and 50 common contaminant proteins was used (51 proteins, 32.9 kilobytes). Spectra generated from the extraction optimization investigations were searched against this database with sequence coverage (%) of BSA used to determine the most successful extraction procedures. As stated earlier, for all database evaluations only proteins reported with high confidence (P > 0.9) were accepted and discussed in this study.
Amino acid analysis
To compare amino acid composition of initial sediment and the treatments, individual amino acids were identified and quantified by gas chromatography mass spectrometry (GC-MS) using the EZ:faast derivatization method (Phenomenex). One gram dry weight sediment for each sample was hydrolyzed for 4 h at 110°C with analytical grade 6 M HCl (Cowie and Hedges 1992b) , and L-g -Methylleucine as the recovery standard (Waldhier et al. 2010) . Following hydrolysis and derivatization, amino acids were quantified using an Agilent 6890 GC with samples injected at 250°C and separated through a DB-5MS (0.25 mm ID, 30 m) GC column with hydrogen as the carrier gas. Amino acid identification used the same GC coupled to an Agilent 5973N mass spectrometer run under the same conditions. Helium was used as the carrier gas for the amino acid analysis in the GC, and acquisition of spectra between 50-600 Da were collected. Bovine serum albumin (BSA) was analyzed in parallel to correct for responses among individual amino acids and calculation of molar ratios.
Assessment
Sediment properties and amino acids
The surface sediment examined in this study contained 0.48% organic carbon (OC) and 0.06% particulate nitrogen (PN) whereas the deeper sediments used in the optimization experiments contained 1.07% OC and 0.15% PN. Amino acids represented 1.39 ± 0.12 mg THAA/g sediment dry weight in surface sediments, similar to other northern latitude marine sediments (Mintrop and Duinker 1994; Horsfall and Wolff 1997) . Deep sediments accounted for 2.59 ± 0.67 mg THAA/g sediment dry weight. THAAs contributed 28.9% of POC and THAA-N contributed 29.1% of PN for surface sediments and 24.4% of POC and 31.2% of PN for deep sediments. Extraction efficiency was based on THAA content of extracts versus THAA content of sediments as a proxy for total protein, and was calculated for surface sediment samples resulting in efficiencies of 12.5% ± 1.1 for the traditional buffer surface sediment extraction, and 100.6% ± 4.5 for buffer extraction of a surface sediment slurry mixture. Amino acid distributions in surface sediments showed only subtle differences between bulk surface sediment and the two surface sediment extraction methods (Fig. 2) .
Database and method evaluation of identified proteins from surface sediments
The search against the Thaps database of the slurry tube gel method resulted in the greatest number of confident protein identifications. Using the database that contained proteomes from one diatom and two marine bacteria, 302 unique peptides were identified from the slurry tube gel method, which correlated to 126 protein identifications (Table 1 the diatom, T. pseudonana. Only two P. marinus protein identifications from the slurry tube gel method were made with no P. marinus identifications in the traditional gel or direct digest. There were no proteins identified as C. P. ubique using any of the extraction methods. Among the three methods the slurry gel and traditional gel methods had 46 protein identifications in common (Fig. 3A) . The slurry tube gel, traditional gel, and direct digest methods had five protein identifications in common.
Proteins identified from the Thaps database were grouped by Gene Ontology categories ( Table 2 ). The majority of proteins identified were involved in metabolic processes. The biggest difference between the distribution of metabolic proteins between the slurry tube gel and traditional tube gel methods was the large contribution of translation/ribosomal proteins among slurry tube gel identifications at 20.2% (26 protein identifications), versus the small contribution from the same category identified from the traditional tube gel method at 1.7% (1 protein identification). The only unique protein identified by the direct digest method is chloroplast ribose-5-phosphate isomerase, a phosphate shunt protein.
Tandem mass spectra searched against the GOS/Thaps database yielded 114 protein identifications from the slurry tube gel method, 63 from the traditional tube gel method, and 4 from the direct digest method (Table A1 , Web Appendix). There were fewer peptides identified using each extraction method for the GOS search compared with the Thaps search. The majority of proteins identified from the slurry tube gel method still primarily correlated with sequences associated with the diatom proteome, even though the database consisted almost exclusively of marine bacterial proteins. Only 20 proteins correlated uniquely to GOS protein sequences (Fig.  3B) , and seven proteins were identified with peptide sequences that were identical, and therefore conserved, between diatom and marine bacterial proteins. Thirty seven of the traditional tube gel proteins correlated to T. pseudonana, 16 from GOS, and 10 as both T. pseudonana and GOS proteins (i.e., homologous sequences).
Mass spectral results searched against the NCBI non-redundant (NR) database yielded similar distributions, with the most proteins being identified from the slurry tube gel method and the least from the direct digest (Table 2) . Fewer peptides and proteins were identified using the NR database compared with the Thaps and GOS databases. Proteins identified as originating from diatoms or conserved among diatoms and other organisms made up the majority of proteins identified from the slurry and traditional tube gel methods (Table  A1 , Web Appendix). The majority of direct digest identified proteins were bacterial in origin. The NCBI-Refined database search yielded more peptide and protein identifications than the full NCBI-NR database search for all extraction methods. Two proteins from the full NCBI-NR and NCBI-Refined searches were uniquely identified as originating from prokaryotic sources.
Protein recovery optimization from sediments
There was recovery of BSA standard from sediment samples with most extraction methods tested (Table 3) to this were the two CaCl 2 /tube gel combinations in which no identifiable BSA was recovered from either the traditional or slurry methods. Sequence coverage, used as a metric to determine the most efficient extraction methods, ranged from 0% (no BSA recovered) to 22% (Table 3) . Both samples extracted with the urea extraction buffer resulted in the recovery of the highest number of independent spectra, unique peptides, and sequence coverage of BSA. The slurry method yielded 22% sequence coverage while the traditional method returned 13%. Given that BSA is known to be rapidly hydrolysed by natural microbial communities (Roth and Harvey 2006) , here it was used to monitor recovery by the extraction buffer and Proteins = number of proteins identified; Peptides = number of peptides identified; T. pseudo = number of Thalassiosira pseudonana proteins identified; T. pseudo+ = number of proteins identified conserved among Thalassiosira pseudonana and another source.
gel electrophoresis followed by tandem MS. Although extended incubations might allow secondary interactions to be assessed, it would complicate accurate measures of intact protein recovery which were the primary goal.
Discussion
The identification of a variety of proteins and the ability to recover an added standard protein demonstrate that electrophoresis can provide an effective isolation method for proteins in sediment systems. Using the slurry gel method, it was apparent that a greater number of peptides and proteins could be identified compared to the more traditional approach, supporting the hypothesis that an electric field applied directly to sediment particles enhances protein extraction. When results were examined among the varied databases, the Thaps database proved to be the most effective database at maximizing protein identifications for the Bering Sea system. It was also observed that the amount of extracted material must be considered; larger loading volumes using the tube gel can enhance the number of proteins identified but can also extract other materials that reduce confidence of the proteins identified. The low numbers of confident protein identifications using attempts at direct digest of the sediments appears reflective of the same issue, in which interactions with a complex matrix of organic materials or perhaps sorption of trypsin to the solid matrix itself interfere with digestion and extraction.
As the presence of proteins in marine sediments may be limited by degradation or masked by interactions with various matrices, it is beneficial to optimize the extraction technique in order to maximize the recovery of any available protein material. Chen et al. (2008) demonstrate the applicability of sequence coverage as a useful measure of protein expression. Though the use of sequence coverage as a measurement tool demonstrated greater intra-sample variability than other methods tested (Chen et al. 2008) , it is an easily determined variable, and its use is acceptable as a metric in the optimization experiments as a determination of the effectiveness of the various protein extraction methods.
Comprehensive testing of BSA with the extraction buffers, electrophoresis gels and sample preparations found that extraction with 6M urea and the placement of the slurry directly on a flat gel was most effective (Fig. 1) . The slurry method also yielded 9% greater sequence coverage of BSA than the more traditional method. This supports the observation that the application of an electric field to the slurry mixture enhanced protein extraction, but that a balance is needed to maximize recovery of proteins that can be identified with confidence.
The comparison of the Thaps, GOS/Thaps, NCBI-NR, and NCBI-Refined databases illustrates the amount of information that can be gained on protein functions and taxonomy of source organisms at different levels (i.e., kingdom, class, family). In addition, we can evaluate the utility of large databases in relation to search-time requirements and available computational resources. The distinct advantage of using the more complex GOS and NCBI-NR protein databases are the greater number of organisms from which proteins can be identified. The disadvantage of searching these databases is the amount of computational resources and dedicated time involved. Analysis of 10 tandem MS files (each file containing thou- sands of spectra) using the GOS database consumed > 720 h, and the NCBI-NR database > 1080 h, using an 800 CPU cluster. This is a substantial time investment compared to the Thaps database searches of < 5 h. Because these searches consumed so much computational time, we focused this study on the search results from only the tandem MS analyses performed on the slurry tube gel sample treatment because it revealed the greatest number of high confidence, multiplepeptide protein hits. Each database used, Thaps, GOS/Thaps and NCBI-NR, contained the entire forward and reversed Thalassiosira pseudonana proteome. Using the GOS/Thaps database, only 20 of the 114 proteins identified were not T. pseudonana in origin (~15%). Searches against the NCBI-NR database identified 12 proteins originating from organisms other than T. pseudonana. Of the 12 non-T. pseudonana proteins identified using the NCBI-NR database, 9 of them still correlated to marine diatom sources. Despite some minor differences in identified protein source resulting from the use of different taxonomic protein sequence databases, assigned protein functions were the same for over 95% of peptides identified from multiple databases (Fig. 4) . Although we searched the same suite of tandem MS data against different databases, the larger databases (e.g., GOS and the NCBI-NR) actually yielded fewer confident protein identifications, regardless of the fact that they include an additional 6 to 11 million proteins that are not from T. pseudonana. These results demonstrate that larger may not be always better, as few novel non-diatom protein identifications were Green indicates the peptide was designated to originate from a marine or aquatic eukaryote. Red indicates the peptide was designated to originate from a marine, aquatic, or soil bacteria. For greens and reds, the brighter the color, the higher confidence PeptideProphet gave the assignment (e.g., P > 0.95), whereas lighter shades of red or green indicate poorer peptide correlations (P < 0.9). Black indicates that the peptide was not assigned to a protein using that particular database. The far right column is a color-coded chart to illustrate whether the function of the protein assigned is in agreement with the 4 databases searched. Blue indicates function is the same; gray indicates function is unknown by one or more databases; orange indicates function does not agree between database assignments. Functional agreement is present in over 95% of the peptides.
made with the large databases searched against Bering Sea surface sediment extract digests. Interestingly, many of the peptides that were identified to originate from T. pseudonana when searched against the Thaps database were not confidently identified using either the GOS/Thaps or NCNI-NR databases. This results from the inability of PeptideProphet to decipher and report homologous peptides with confidence, which in this case reduced the number of protein identifications. PeptideProphet uses a correlation of two parameters: 1) how well the observed spectra matches the theoretical spectra (xcorr); 2) how different the first peptide match is from the second peptide match (ƒCorr). Typically, an assignment is made if the xcorr > 2.0 and ƒCorr > 0.1. When using a larger database, there is more peptide sequence similarity (e.g., SEVSALLGR, SEVSAILGR). As a result, PeptideProphet will assign a low ƒCorr to the second best peptide match. A low ƒCorr will decrease the overall statistical confidence and SEQUEST will not report any peptide match, even at high xcorr values.
The greatest number of identical peptide and protein assignments from different database searches was observed when searching the Thaps and GOS/Thaps databases (Fig. 3B) . As mentioned earlier, all databases included T. pseudonana and the protein assignments that were identical between the GOS/Thaps and Thaps database searches were all T. pseudonana in origin. Despite fewer identified proteins, the larger databases do provide breadth to the sources of conserved proteins. Peptides from several identified proteins were conserved among T. pseudonana and hundreds of other organisms. Given the context of the system, seasonally diatom-dominated Bering Sea, and that other peptides are predominantly identified uniquely to T. pseudonana using all three databases, it is likely that these conserved proteins are also diatom in origin.
Given that the Thaps database search of the slurry method yielded the greatest number of identifications, it is not surprising that the Thaps search against the slurry method data also identified a suite of proteins with the greatest range of isoelectric points (pI). Among Thaps-identified proteins, a total of 43 slurry tube gel proteins and only 5 traditional tube gel proteins were identified with an isoelectric point above eight. The isoelectric point of a molecule is the pH at which the molecule carries no net charge, and is also the point at which the solubility of the molecule is at its lowest. The much larger proportion of high pI proteins identified illustrates the greater electrophoretic extraction achieved by the slurry tube gel method.
Basic proteins with high pI carry a more negative charge and would likely be more tightly bound to positively charged functional groups in sediments (Henrichs and Sugai 1993) . The extraction buffer used in this study, containing high concentrations of protein solubilizing reagents (urea, thiourea, CHAPS, EDTA) is slightly acidic and thus not as effective at extracting basic proteins as electrophoretically assisted extraction. Of the 37 slurry tube gel identified proteins with a pI > 9, 20 are structural constituents of ribosomes. No ribosome structural constituents were identified using the traditional tube gel technique. This shows that the slurry tube gel method not only extracts a greater number of proteins than the traditional tube gel method, but a wider range of protein functionalities as well.
Recommendations
This is the first study to use gel electrophoresis of mixed matrices as an extraction method for the recovery of protein from sedimentary material. Initial results, further supported by optimization evaluations, allowed us to hypothesize that electric current disrupts the interactions between protein and sediment to mobilize protein into the electrophoresis gel. Optimization experiments have shown that the most effective extraction of peptides from sediments occurs using urea as the extraction buffer, pre-cast 1-D flat gels and the loading of the sediment and buffer slurry combination directly. By mixing the extraction buffer with the sediment before loading on the gel, proteins are solubilized and removed more efficiently from the particles, while the gel is an excellent trapping matrix for the proteins so that contaminants can be adequately washed away before enzymatic digestion and MS analysis. This method is applicable to a wide range of sediments, although actual recoveries would be expected to vary depending on input of primary production to sediment, time frame, and perhaps mineral matrix. Important for future studies is the observation that complex protein databases, while providing more potential protein sources, do not necessarily translate into a greater number or more confident protein identifications. Nevertheless, functional-level information is retained, suggesting that identifying proteins from mixed (often unknown) communities can be accomplished at the protein function-level, although determining and/or targeting the specific species the protein originated from remains difficult. The large contribution of unique algal-specific proteins (e.g., fucoxanthin chlorophyll a/c binding proteins) in Bering Sea sediment from searches of the simple Thaps database and the complex GOS and NCBI-NR databases indicates that core proteins associated with primary production are a major source of protein material retained in the continental shelf sediment of this system.
